Aims Arbuscular mycorrhizal (AM) fungi associate with the majority of terrestrial plants, influencing their growth, nutrient uptake and defence chemistry. Consequently, AM fungi can significantly impact plantherbivore interactions, yet surprisingly few studies have investigated how AM fungi affect plant responses to root herbivores. This study aimed to investigate how AM fungi affect plant tolerance mechanisms to belowground herbivory. Methods We examined how AM fungi affect plant (Saccharum spp. hybrid) growth, nutrient dynamics and secondary chemistry (phenolics) in response to attack from a root-feeding insect (Dermolepida albohirtum).
Introduction
When challenged with tissue loss from herbivory, plants respond by employing different strategies that facilitate their survival and overall fitness. A fundamental component of plant defence is tolerance, often associated synonymously with compensatory growth, i.e. the ability to regrow and/or reproduce after herbivore attack (Strauss and Agrawal 1999) . Additionally, plants can also rely on traits associated with resistance, which reduce the preference or performance of their attacking herbivore (Rasmann and Agrawal 2009 ). An important group of resistance-associated defences are plant secondary metabolites, such as phenolic compounds, that can negatively impact insect herbivores (Mithöfer and Boland 2012; Agrawal and Weber 2015) . Both tolerance and resistance strategies entail a fitness cost to plants. These have classically been assumed to function as alternative defence strategies, based on the hypothesis that selection would not act to augment resistance if there was no plant fitness loss from herbivory due to sufficient tolerance. However, there is mounting evidence that plants can allocate resources simultaneously to both tolerance and resistance mechanisms (Núñez-Farfán et al. 2007; Fornoni 2011) .
The majority of terrestrial plants, including most crops, form associations with co-evolved, soildwelling microbial plant-symbionts known as arbuscular mycorrhizal (AM) fungi. These fungi colonise plant roots and provide access to nutrients, while the plants provide their fungal partners with carbon in the form of hexose sugars and lipids (Smith and Smith 2011; Keymer and Gutjahr 2018) . Approximately half of described insect species, of which there are now over a million, feed on living plant material (Stork 2018) , and most plants consumed by herbivorous insects will associate with AM fungi. Both insect herbivores and AM fungi interact in ways that can significantly impact the performance of their shared host plant, yet predicting the outcome of such interactions with more than two players is fundamentally challenging.
AM fungi can modify plant interactions with herbivorous insects by affecting plant tolerance and resistancebased defence mechanisms. For example, mycorrhizal fungi can enhance plant photosynthesis, growth, water and nutrient acquisition, thereby augmenting their ability to regrow after attack (Kaschuk et al. 2009; Smith and Smith 2011) . Insect performance can also be determined by mycorrhizal-induced changes in plant nutritional quality (Bennett et al. 2006; Vannette and Hunter 2009 ). Furthermore, AM fungi can significantly alter plant defence traits associated with resistance against insect herbivores (Jung et al. 2012) . For example, several studies have observed increases in phenolic compounds, such as flavonoids and tannins, in response to mycorrhizal colonisation (Ceccarelli et al. 2010) . Indeed, recent research has shown AM fungi can have differential effects on secondary compounds in different plant parts, increasing alkaloid compounds in the roots but not in the shoots (Hill et al. 2018) . Thus the impacts of AM fungi on the performance of insect herbivores are variable (Koricheva et al. 2009; Barber et al. 2013) , and interpreting the relative importance of potential mediating mechanisms can be difficult.
Just as the majority of research on plant-insect interactions has focused on aboveground systems (Hunter 2001; Van der Putten et al. 2001) , our understanding of tripartite mycorrhizal-plant-insect interactions is principally focused on aboveground herbivory. Comparatively fewer studies have investigated how root herbivores and AM fungi interact, despite the fact that they share the same physical organ of the host plant, the roots (Johnson and Rasmann 2015; Koricheva et al. 2009 ). Furthermore, damage from belowground herbivores to crops are among the most economically damaging, persistent and difficult to control (Blackshaw and Kerry 2008; Johnson et al. 2016a ). Generally, plants are less able to compensate for root herbivory compared to shoot herbivory (Johnson et al. 2016b ). Rootfeeding insects typically cause a decrease in aboveground plant growth, photosynthesis and reproduction (Zvereva and Kozlov 2012) . As such, root herbivores can significantly impact the AM symbiosis, as a reduction in aboveground biomass and photosynthesis can, in turn, impair the ability of plants to provide for their mycorrhizal partners and reduce root mass available for colonisation. From the perspective of root-feeding insects, AM fungi usually have negative impacts on their performance (Johnson and Rasmann 2015; Frew et al. 2017b) , although positive outcomes have also been observed (Currie et al. 2011 ). The response of mycorrhizal root colonisation to root herbivory is somewhat more ambiguous, with studies showing increases (Currie et al. 2006) , decreases (Bennett et al. 2013) , or no response (Sonnemann et al. 2012) .
Considering the ubiquity of mycorrhizal-plant-insect herbivore interactions, and the significance of each player to natural and managed ecosystems, it is important that we improve our understanding of their complex relationships. The ability of AM fungi to enhance plant defence against root herbivory offers potential for AM symbiosis management to be incorporated into sustainable plant production. Our prior work suggests AM fungi can enhance plant resistance to root herbivory by increasing root silicon concentrations (Frew et al. 2017a ). However, the role of AM fungi in plant tolerance mechanisms against root-feeding insects is unclear, despite that plant tolerance is a fundamental component of plant defence against herbivory. Therefore, to assess the role of the AM symbiosis in plant resistance and tolerance strategies against root herbivory, we investigated how a root herbivore and AM fungi interact, and we evaluated their impacts on the tolerance and resistance of their shared host plant. Specifically we examined (i) the effects of AM fungi and root herbivory, alone and in combination, on aboveground and belowground plant productivity (biomass) and chemistry (C, N, P, Si, phenolics); (ii) how AM fungi impact herbivore growth while feeding on intact plant roots; (iii) how AM fungi and prior root herbivory impact the relative growth rates and relative consumption of a root-feeding insect; (iv) how root herbivory impacts root colonisation by AM fungi.
Methods

Plant growth, mycorrhizal and root herbivore treatments
A factorial experiment with two factors of 'AM fungi' and 'Root herbivory' in a fully crossed design was conducted with 32 (sugarcane) Saccharum spp. hybrid plants (variety Q200). Plants were germinated in trays of gamma-irradiated (50 kGray) potting mix (Richgro© All Purpose Potting Mix), receiving tap water ad libitum for three weeks in a shade house. All plants were then transferred to 10 L pots and grown in field soil for 22 weeks. Soil was sourced from a field site in the Gordonvale region of north Queensland, Australia, where Saccharum spp. are grown, fully described in Frew et al. (2017a) . Soil was fully homogenised with a soil mixer and gamma-irradiated (50 kGray) prior to analysis and use. Two individual plants were lost at this early growth stage, therefore sample sizes were slightly unbalanced. At this stage, 16 plants were inoculated with the AM fungal treatment which consisted of a commercial inoculum (Microbe Smart Pty. Ltd., Melrose Park DC, South Australia), listed to contain spores from four AM fungal species: Claroideoglomus etunicatum, Funneliformis coronatum, F. mosseae and Rhizophagus irregularis. These species have been frequently observed in sugarcane fields in other locations (Rokni and Goltapeh 2011; de Azevedo et al. 2014) . Spores were extracted from the inoculum using the wet sieving and sucrose centrifugation extraction method (Daniels and Skipper 1982) . Approx. 400 AM spores were inoculated onto the plants by pipetting directly onto seedling roots, previous studies confirmed the spore concentration and application method to be effective for colonisation in Saccharum spp. (Frew et al. 2017b ). The non-mycorrhizal controls (no AM fungi) received no live mycorrhizal inoculum, but all plants received microbial filtrate (300 ml) to standardise the microbial community within each pot at the initiation of the treatment. This filtrate was created by using the extraneous extraction solution (without spores) from the AM fungal inoculant.
Pots were randomly distributed on benches within a shade house and received natural light throughout, which was approximately 640 μmol m −2 s −1 on a clear day. Temperature was logged every 30 mins throughout the experiment, mean day and night temperatures throughout the growth period were 25.8°C and 15.7°C, respectively. All pots received water ad libitum. Every two weeks all pots were randomly re-arranged within the shade house to reduce any spatial or edge effects.
Rates of light-saturated leaf net photosynthesis were measured in each pot in the shade house approximately every three weeks with a Portable Photosynthesis System (LI-6400XT; Li-COR Inc., Lincoln, NE, USA). Measurements were conducted around the same time of day, and on clear days, using five measurements per leaf. For all measurements, the reference CO 2 concentration was 400 ± 5 μmol mol −1 . Light intensity within the leaf chamber was maintained at 1800 μmol m −2 s −1 photosynthetic photon flux density (PPFD) using the red/blue LED light source. Water vapour inside the leaf chamber was not scrubbed so that relative humidity inside the cuvette approximated ambient conditions. A 3°C difference in average leaf temperature between warmed and ambient treatments was maintained by controlling the LI-6400XT leaf chamber block temperature.
Three weeks prior to harvesting the plants, half were subjected to a root herbivory treatment where a thirdinstar Dermolepida albohirum larva was weighed then placed in the top 5 cm layer of soil. Dermolepida albohirum are scarab beetles native to Australia. The adults feed on the foliage of different plant species, while the larvae feed on the roots of grasses, but are significant pests of sugarcane. Reports indicate that the average number of larvae per sugarcane plant in the field to vary from three to more than 15 individuals (Sallam 2011) ; for the purpose of this pot experiment a single larva provides representative herbivore pressure (plants in the field are grown and 'ratooned' over a few years with extensive root systems). All larvae used in this study were collected from sugarcane fields from the Mackay region of Queensland, Australia, and were fed exclusively on carrot until use. After three weeks, all plants were removed from the pots, along with the larvae that formed the root herbivory treatment. Larvae were weighed to assess mass change as a measure of performance (pot study). The leaves, stems and roots were separated, roots were washed, and plant material was placed in a 40°C oven for 72 h, and then weighed. Thus, all leaf and root tissue sampling was carried out at the same time. A subsample of fresh root material was retained from each plant for in vitro insect feeding assays.
To confirm colonisation of roots under the AM treatments and absence of colonisation of the roots under the 'no AM fungi' treatment, a random sample of 1-2 g of fresh root from every plant was cleared with 10% KOH in a 90°C water bath for 10 mins and then stained with 5% ink-vinegar (Vierheilig et al. 1998) . A random selection of the cleared and stained roots were mounted on glass slides with glycerine under a cover slip and scored for presence of AM fungi using the intersect method (McGonigle et al. 1990 ) for a minimum of 50 intersects. Only hyphae in which there was a visible connection to AM fungal structures (arbuscules, vesicles, spores) were counted, to exclude other types of non-mycorrhizal hyphae. No colonisation was detected in the nonmycorrhizal control plants.
Feeding assay
To investigate the impacts of AM fungi and prior root herbivory on the feeding behaviour and performance of a root herbivore, feeding assays were carried out as in Frew et al. (2016) . Individual third instar larvae of D. albohirtum, starved for 24 h, were weighed before being placed in a Petri dish (14 cm diameter) with approximately 5 g of fresh root material, taken from the harvested plants. Larvae and root type were randomly allocated, kept at 26°C and were allowed to feed for 24 h, after which time they were starved for a further 12 h to ensure all frass was expelled, before being reweighed. Values of water content, derived from root samples from the same plants, were used when converting fresh mass of roots to dry mass, to account for any evaporative water loss during the feeding assay. Alongside insect mass gained/lost over the experimental period, two insect performance indices were calculated according to Slansky (1985) . Relative consumption estimates the mass of root material ingested over the 24 h period relative to initial body mass and was calculated from: food ingested (g change in dry root mass)/ mean body mass over experimental period (g body mass). Relative growth rate calculates body mass growth relative to initial body mass, and was calculated from: mass gained (g) / initial body mass (g)/ time (days).
Plant chemical analysis
All dry plant leaf and root sample analyses were carried out in a single batch to avoid batch effects. All tissue samples were ball milled and a subsample of approximately 40 mg was analysed for nitrogen (N) and carbon (C) concentrations using an elemental analyser (FLASH EA 1112 Series CHN analyser, Thermo-Finnigan, Waltham, MA USA). Concentrations of silicon (Si) and phosphorus (P) were determined as described in Hiltpold et al. (2016) by an X-ray fluorescence spectrometer (Epsilon 3x, PANalytical, EA Almelo, The Netherlands), based on the method of Reidinger et al. (2012) . Total phenolic concentrations in the leaves and roots were determined as described in Salminen and Karonen (2011) , in technical triplicates, using a Folin-Ciocalteu assay with gallic acid monohydrate (Sigma-Aldrich, St.Louis, MO, USA) as the quantification standard.
Statistical analysis
R statistical interface (v3.2.3) was used for all statistical analyses. Sample sizes were slightly unbalanced due to loss of two plants ('no AM fungi' n = 14, 'AM fungi' n = 16).
Rates of photosynthesis were analysed using a linear mixed effects model (lmer function) from the R package 'lme4' (Bates et al. 2015) , with photosynthesis as the response variable and 'AM fungi' treatment and 'Root herbivory' treatment as fixed effects. To account for the effects of measurements taken over time and to account for non-independence of measurements taken on the same individual plants, 'week' and individual plant numbers were considered as random effects in the model. All plant responses including plant biomass responses (aboveground biomass and belowground biomass), aboveground and belowground concentrations of C, N, P, Si and phenolic concentrations in response to factors 'AM fungi', 'Root herbivory' and their interactions were analysed using standard linear models and ANOVAs type = II from the R package 'car' (Fox and Weisberg 2011) . Tukey's pairwise comparison was applied to those responses where there were significant interactions between factors using the HSD.test function from the R package 'agricolae' (De Mendiburu 2014). To meet model assumptions and give residual diagnostic plots which fit a normal distribution, root Si and phenolic responses were log and square transformed, respectively. The response of AM fungal total colonisation, vesicular and arbuscular colonisation to 'Root herbivory' were analysed using a two-sample t-tests using the t.test function in R and confirmed using ANOVAs type = II from the package 'car'. Root herbivore responses from the feeding assay in response to factors 'AM fungi', 'Root herbivory' and their interactions, were analysed using ANOVAs type = II from the R package 'car'. The change in mass of the root herbivores that constituted the 'Root herbivory' treatment (pot study) in response to the 'AM fungi' treatment was analysed using a two-sample t-tests using the t.test function in R and confirmed using ANOVAs type = II from the package 'car'.
Results
Plant biomass and photosynthetic responses
Root herbivory reduced belowground plant biomass by 27%, while AM fungi increased it by 46% ( Fig. 1a ; Supplementary material Table S1 ). Aboveground biomass was 30% greater on mycorrhizal plants compared to plants with no AM fungi (Fig. 1b) . Root herbivory increased aboveground biomass by 19% in nonmycorrhizal plants, and by 27% in mycorrhizal plants (Fig. 1b) . Total plant biomass was 35% higher in plants associated with AM fungi, while root herbivory did not have a significant effect (Fig. 1c ). Rates of plant photosynthesis were relatively variable throughout the experiment with no observable difference between treatments until around week 13 (Fig. 1d) . Thereafter, plants inoculated with AM fungi had higher photosynthetic rates (X 2 = 31.51, P < 0.001), while there was no impact of root herbivory on photosynthesis (X 2 = 1.18, P = 0.28).
Plant chemistry responses
Aboveground C concentrations were significantly higher in plants associated with AM fungi, and in plants attacked by the root herbivore ( Fig. 2a ; Table S1 ). Root herbivory increased aboveground P and C concentrations, particularly in mycorrhizal plants (Figs. 2a, b) , although there was no significant interaction between treatments. Root herbivory increased aboveground phenolics by 31% in mycorrhizal plants only (Fig. 2c ). AM fungi did not impact aboveground concentrations of N or Si, although there was a marginally significant trend where AM fungi decreased foliar Si (Fig. 2d ; Table S1 ). Mycorrhizal plants had lower foliar C: P and N: P ratios (Figs. 3a, b) , while root herbivory increased phenolic: Si ratios, but only in mycorrhizal plants (Fig. 3c) . Belowground, AM fungi only increased concentrations of Si (Fig. 4a) , although there was a marginally significant increase in root P concentrations and phenolics ( Fig. S1 ; Table S1 ).
Insect and mycorrhizal responses
The insect larvae used as the three-week root herbivory treatment (i.e. the pot study) exhibited a significant reduction in mass gain while feeding on plant roots colonised by AM fungi, compared to those without mycorrhizal associations ( Fig. 4b; Table S2 ). From the 24-h feeding assay, insect relative growth rates were not impacted by AM fungi, nor was there an effect of prior root herbivory (Fig. S2 ). However, there was a marginally significant reduction in relative consumption rates in response to AM fungi ( Fig. S2 ; Table S2 ). Arbuscular colonisation in roots was 75% higher in root herbivore treated plants compared those without a root herbivore (Fig. 4c) , while total colonisation and vesicular colonisation rates were not impacted by root herbivory (Fig. S2 ; Table S1 ).
Discussion
Our results suggest AM fungi facilitate plant tolerancebased defences against root herbivory by enhancing resource allocation to aboveground tissues. As a result of root herbivory, plants lost significant root mass, yet increased their aboveground biomass, carbon, phosphorus and phenolics. Despite no significant interactions between the root herbivory and mycorrhizal treatments for aboveground biomass, C or P responses (note marginally significant interaction for P), the additive effects of them combined were such that mycorrhizal plants attacked by the root herbivore had the highest aboveground biomass and concentrations of C and P. This suggests that higher nutrient and resource availability allowed for greater investment of those augmented resources aboveground, potentially enhancing tolerance to belowground herbivory. Root herbivore performance (from the pot study) was reduced by AM fungi, possibly due to mycorrhizal-driven increases in root silicon concentrations.
Intriguingly, root herbivory resulted in a higher percentage of arbuscular structures in the roots. This may indicate that root damage stimulated an increase in nutrient uptake via the AM symbiosis as plants augmented their resource allocation aboveground to boost photosynthesis and their potential for regrowth after attack; hence why we see an increase in phenolics, phosphorus and carbon aboveground (albeit there were no significant interactions observed for the latter). Alternatively, higher arbuscular frequency may also indicate a change in the composition of AM fungal communities that associate with the roots due to herbivory, favouring those that typically form more arbuscular structures.
Plant tolerance and resistance
Root herbivory caused an increase in aboveground biomass and, in mycorrhizal plants, foliar phenolics.
Phenolics are usually associated with plant resistance to herbivory, while compensatory growth is associated with plant tolerance. Both tolerance and resistance strategies entail a fitness cost to plants and have classically been assumed to function as alternative strategies, as selection would not augment resistance if there was no plant fitness loss from herbivory due to sufficient tolerance/compensatory growth. Although studies have reported trade-offs between phenolics and growth (Johnson and Hartley 2018) , we observed an increase in growth and phenolics, at least in the aboveground tissues of mycorrhizal plants. Indeed, there is increasing acceptance that plants can allocate resources simultaneously to both tolerance and resistance traits, as we observed (Núñez-Farfán et al. 2007; Fornoni 2011) . It is interesting that despite significant aboveground biomass promotion by root herbivory, we did not find corresponding significant effects on photosynthetic rates. It is possible that more intense and longer-lasting herbivory [plants would typically be attacked by multiple larvae in the field (Allsopp 2010)] may have yielded stronger responses. Assessing changes in sugar and starch across in plant tissues would further corroborate our results here. Fig. 1 Effects of arbuscular mycorrhizal (AM) fungal inoculation on the (a) belowground biomass (g), (b) aboveground biomass (g) and (c) total biomass (g) of Saccharum spp. hybrid, with or without root herbivory (Dermolepida albohirtum). Effects of AM fungi on (d) rates of photosynthesis (measured as μmol of fixed CO 2 per unit of surface per unit of time [μmol m −2 s −1 ]), the effects of herbivory on photosynthesis were not significant as the root herbivore was applied at week 19, therefore is not shown. Significant factors and interactions are shown, degrees of significance are indicated as follows: * 0.01 ≤ P < 0.05, ** 0.001 ≤ P < 0.01, *** P < 0.001
An increase in aboveground defences (including phenolic compounds) in response to attack from below has been observed in previous work (see Kaplan et al. 2008a and references therein), despite that such a response violates optimal defence theory which predicts no change in spatially separated plant parts which are at no greater risk of attack (i.e. attack from below does not indicate an imminent attack from above). Yet, while phenolics are typically associated with plant resistance to herbivory, they are a multifunctional group of compounds, for example, they form important structural compounds such as lignin which provide structural rigidity and increase tissue toughness. Therefore, the increase in phenolics we observed may not only suggest investment in aboveground defence against insect herbivores, but rather broad-spectrum resistance to damage 
Resource allocation
Plant tolerance mechanisms are classically associated with regrowth after herbivore attack. Perhaps less appreciated is the ability of plants to cope with herbivory by partitioning resources, termed resource sequestration (Orians et al. 2011) . Many studies have demonstrated instances where plants allocate resources from their roots to shoots, and from shoots to roots, in response to herbivory (Briske et al. 1996; Kaplan et al. 2008b) , although there are notably fewer studies on root herbivory (Robert et al. 2014; McKenzie et al. 2016) . Indeed, for many plants, the ability to shunt pre-existing carbon stores from roots to shoots after damage is a major component of their tolerance strategy (Strauss and Agrawal 1999) .
Allocating pre-existing or new resources away from the site of damage can reduce the risk of resource loss (e.g. allocation of resources to the shoots in response to a root-feeding herbivore) but can also act to facilitate subsequent regrowth (e.g. increasing leaf area for photosynthesis or increasing root mass for water and nutrient uptake). Such resource allocation has been reported extensively, where resources are moved from shoots to roots in response to aboveground herbivory (Schultz et al. 2013) , and to an extent in the opposite direction (i.e. allocation of resources aboveground in response to root herbivory; Poveda et al. 2010; Robert et al. 2014) . Here, plants subjected to root herbivory invested more resources aboveground when colonised by AM fungi. This finding is consistent with the compensatory continuum hypothesis which expects plant tolerance to herbivory to be greater in high-resource environments (Maschinski and Whitham 1989) . Correspondingly, root herbivory was associated with a higher proportion of arbuscular structures in the roots, which are considered to be the main site of nutrient and carbon exchange between symbiotic partners. This may have been due to a rise in plant nutrient demand for resource allocation and growth to aboveground tissues. When faced with root tissue loss, investment towards AM fungal symbionts, rather than root tissue, may be the less expensive option for nutrient acquisition, thus plant reliance on the AM symbiosis increases. Despite an increase in arbuscules, total AM fungal colonisation was unaffected by root herbivory. Although it is important to note that plants were subject to herbivory for only the final three weeks. More significant tissue loss may have yielded different results, particularly as variation in mycorrhizal responses to plant tissue loss has been suggested to be associated with the relative amount of tissue removed (Gehring and Bennett 2009; Barto and Rillig 2010) .
Interestingly, in the absence of herbivory the fungi seemed to provide little P benefit to their hosts. Plants were N-limited in the presence of AM fungi (see Fig. 3b ), which may suggest that the fungi were forming extensive soil mycelial networks and were competing for N with their hosts. Thus, AM fungi may have continued to utilise the plant C supply to produce mycelium (hence the promotion of photosynthesis by AM fungi) and allocated most P to their own requirements. Furthermore, evidence suggests plant species and genotypes differ in their tendency to uptake P in excess when it is not limiting (termed 'luxury consumption'; Riley et al. 2019) .
AM fungi enhance root defences
Despite the considerable impacts of AM fungi and root herbivory on belowground biomass, there was no effect of either treatment on root phosphorus, carbon or phenolics. Root silicon concentrations, however, were higher in those plants associated with AM fungi. This is likely to be a contributing mechanism underpinning the negative effects of AM fungi we observed on the mass change of D. albohirtum, an effect which has been previously reported (Frew et al. 2017b) .
Conclusions
When challenged with tissue loss from insect herbivory, plants can employ a suite of mechanisms to enhance their survival and fitness. Our study provides evidence that AM fungi facilitate plant investment and allocation of resources aboveground when faced with attack from a root herbivore. Allocation of resources aboveground in response to root herbivory has been shown previously (McKenzie et al. 2016) , however the role of AM fungi in this response has, to our knowledge, remained unidentified. The potential for human-imposed artificial selection in crop breeding to alter plant defence strategies and trade-offs is widely acknowledged (Kempel et al. 2011; Schädler and Ballhorn 2017) . To determine if this defence strategy involving AM fungi is widespread, future studies should include non-cultivated and cultivated plant species. Furthermore, different individual AM fungal species or communities may alter outcomes for the host plant, which should also be considered when building on the findings reported here. Although more studies are needed on Saccharum spp. management impacts on AM fungal communities, the characteristically intensive monoculture production of Saccharum spp. in Australia is associated with poor soil structure (Bell et al. 2007) . Coupled with the high fertiliser and pesticide inputs of these systems, these intensive monocultures are likely to be negatively impacting AM fungal diversity (Oehl et al. 2004) . Our work highlights the importance of managing the AM symbiosis in plant production systems, as they may not only benefit direct defence mechanisms (via plant resistance), but also plant tolerance mechanisms, in response to root-feeding insects.
